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A 
GENERAL INTROD LET ION 
Work performed d u r i n g  t h i s  p r o j e c t  was d i v i d e d  i n t o  t h r e e  phases .  
The f i r s t  w a s  concerned y i t h  t h e  s y n t h e s i s ,  c h a r a c t e r i t a t i o n ,  and de-  
l i v e r y  t o  Jet  P r o p u l s i o n  Labora to ry  of s u b s t a n t i a l  amounts of narrow 
m o l e c u l a r  weight  d i s t r i b u t i o n  polymers from 1 -v iny lnaph tha lene ,  2 -v inyl -  
naph tha lene ,  and 4-v inylb iphenyl .  The second phase was concerned wi th  
,\\ 
s y n t h e s i s ,  c h a r a c t e r i z a t i o n ,  and d e l i v e r y  t o  t h e  Jet  P ropu l s ion  Labora- 
t o r y  of s u b s t a n t i a l  amounts of s t e r e o r e g u l a r  polymers from l -v inylnaph-  
t h a l e n e ,  2 -v inylnaphtha lene ,  4 -v iny lb ipheny l ,  and 9 -v iny lca rbazo le !  The 
t h i r d  phase c o n s i s t e d  of a l s t u d y  of t h e  r e a c t i o n  of  t h e s e  v i n y l a r o m a t i c  
polymers w i t h  a l k a l i  me ta l  atoms., 
Summary r e p o r t s  f o r  t h e  f i r s t  t w o  phases  ( I a  and Ib )  c o n t a i n i n g  a 
d e t a i l e d  d e s c r i p t i o n  of  a l l  work performed under  t h e s e  phases  have a l -  
ready  been i s s u e d .  They are inc luded  i n  t h i s  r e p o r t  f o r  t h e  s a k e  of 
comple teness .  Summary r e p o r t  I b  has  been somewhat modi f ied  t o  i n c l u d e  
new d a t a  r e c e n t l y  o b t a i n e d  on i s o t a c t i c  po ly-4-v inylb iphenyl .  
1 
Phase Ia 
I INTRODUCTION 
Phase Ia of the present contract was concerned with the synthesis, 
characterization, and delivery to Jet Propulsion Laboratory of sub- 
stantial amounts of polymers from 1-vinylnaphthalene, 2-vinylnaphthalene1 
and 4-vinylbiphenyl. 
Because it was agreed that polymers of several different molecular 
weights would be prepared and that these polymers would have narrow 
molecular weight distributions, anionic living polymer techniques were 
used. 
In the anionic polymerization of vinylaromatic monomers, the reac- 
e o  tive chain-propagating species [R-CH,-CHAr] M is a substituted ben- 
zylic anion which is stable indefinitely in an inert environment. The 
macromolecular anions are called "living polymers" because they will 
resume chain growth in the presence of additional m0nomer.l 
In the butyllithium-initiated polymerization of vinylaromatics, 
each "molecule" of butyllithium generates one chain propagating anion. 
Polymer molecular weight is therefore determined by the quantities of 
monomer and initiator, according to the equation 
grams monomer 
moles of initiator M =  
Polymers with predetermined molecular weights can thus be prepared by 
adjusting the quantities of monomer and initiator. 
Since in any homopolymerization all macromolecular anions have 
equivalent reactivities, chain growth and chain length (molecular 
weight) distribution are governed by probability considerations. 
Theory' shows that the resulting polymer has a Poisson distribution of 
chain lengths (Mw/Mn = 1). 
Any reactive impurities such as protonic compounds, carbonyl com- 
pounds, halogen compounds, oxidizing agents, etc., can "kill" some of 
2 
. 
t h e  growing c h a i n s ,  t he reby  broadening t h e  molecu la r  weight d i s t r i b u t i o n .  
E legan t  vacuum s y s t e m  techniques '  7 3 , 4  have been developed t o  a t t a i n  t h e  
sc rupu lous  p u r i t i e s  necessa ry  t o  prepare  polymers having h1 h l  approx i -  
ma t ing  1. However, by working i n  an i n e r t  a tmosphere i t  i s  p o s s i b l e  t o  
p r e p a r e  reasonably  monodisperse  polymers us ing  s t a n d a r d  g lassware  .*' 1. 
The k e y  t o  t h e  l a t t e r  procedure  i s  t h a t  d e l e t e r i o u s  i m p u r i t i e s  a r e  re- 
moved from t h e  po lymer i za t ion  medium and from t h e  monomer by t i t r a t i o n ,  
b e f o r e  po lymer i za t ion  (under  c o n d i t i o n s  where polymer iza t ion  i s  s l o w ) ,  
w i t h  t h e  r e a c t i v e  an ion  which c o n s t i t u t e s  t h e  i n i t i a t o r .  With t h i s  
procedure  i t  i s  p o s s i b l e  t o  p repa re  polymers having molecular  we igh t s  
of about l o 6 .  Higher molecular  weight polymers r e q u i r e  such low l e v e l s  
of  i n i t i a t o r  t h a t  unavoidable  t r a c e  i m p u r i t i e s  u s u a l l y  s e r i o u s l y  i n t e r -  
f e r e  w i t h  t h e  po lymer i za t ion .  
w n  
I1 SUMMARY 
Po lymer i za t ions  of 1 -v inylnaphtha lene ,  2 -v inylnaphtha lene ,  and 
4-v inylb iphenyl  were c a r r i e d  o u t  us ing  l i v i n g  polymer t echn iques  under  
a n  i n e r t  atmosphere wi th  b u t y l l i t h i u m  i n  benzene.  Narrow d i s t r i b u t i o n  
molecu la r  weight  polymers of d i f f e r e n t  molecular  weight were prepared  
and t h e n  f r a c t i o n a t e d .  They w e r e  c h a r a c t e r i z e d  by gel permeat ion 
ch r~matog raph  3 7 .  Ar. improved s y n t h e s i s  cf 1 -xvrir.ylr.aphthalene was 
developed.  ,/' / 
I11 RESULTS AND DISCUSSION 
A .  Polymer iza t ion  Procedure 
The benzene p u r i f i c a t i o n  system i s  i l l u s t r a t e d  i n  F igu re  1. The 
argon sc rubbe r  A and t h e  s o l v e n t  r e s e r v o i r  B w e r e  assembled ahead of  
t i m e  and f l u s h e d  w i t h  argon.  Dry benzene (about  150 and 1500 m l ,  re- 
s p e c t i v e l y ) ,  1 . 6  M b u t y l l i t h i u m  (20 m l  t o  each)  and s t y r e n e  ( 2  m l  t o  
each)  were then  added t o  t h e  scrubber  and r e s e r v o i r ,  and t h e  e x i t  of  €3 
w a s  s toppe red  u n t i l  r e a c t i o n  f l a s k  C w a s  a t t a c h e d .  During s e v e r a l  hour s  
3 
both  s o l u t i o n s  g r a d u a l l y  a t t a i n e d  t h e  c h a r a c t e r i s t i c  yellow-orange t o  
red c o l o r  of  t h e  R-CH,CHPhe an ion .  A l l  subsequent  o p e r a t i o n s  were pe r -  
formed wi th  a s t ream of argon moving through t h e  sys tem.  F l a s k  C ,  f i t -  
t e d  w i t h  a Tef lon  covered s t i r r i n g  b a r ,  a thermometer ( a t  3 ) )  a 125-ml 
g radua ted  a d d i t i o n  f u n n e l  w i th  a Tef lon  s topcock  ( a t  4 ) ,  a serum cap  
( a t  6 ) ,  and an e x i t  t ube  ( a t  7) l ead ing  t o  a mine ra l  o i l  U-bubbler ( D ) ,  
was a t t a c h e d  v i a  t h e  condenser  ( a t  2 ) .  F l a sk  C and the  a d d i t i o n  funne l  
were f lamed and cooled under  a rgon ,  and t h e  a d d i t i o n  f u n n e l  was s e a l e d  
w i t h  a serum cap  ( a t  5 )  The t u b e  connec t ing  t h e  e x i t  7 t o  D w a s  
a r r anged  so t h a t  any condensing vapors  could  n o t  d r a i n  back i n t o  C .  
About 600 m l  benzene were d i s t i l l e d  from B t o  C .  During t h e  l a t t e r  
s t a g e s  of t h e  d i s t i l l a t i o n ,  125 m l  benzene was t r a n s f e r r e d  from C t o  
t h e  a d d i t i o n  f u n n e l  w i th  a 100-ml s y r i n g e  having  a 6-inch n e e d l e  ( v i a  
caps  a t  6 and 5 ) .  When t h e  d i s t i l l a t i o n  w a s  f i n i s h e d  B was brought  t o  
room t empera tu re ,  removed from t h e  system, s toppe red ,  and set a s i d e  f o r  
f u t u r e  use  so long  a s  t h e  anion su rv ived .  F l a s k  C was q u i c k l y  r e a t t a c h e d  
t o  t h e  argon supply  a t  7 and t h e  e x i t  bubbler  D a t t a c h e d  a t  1 ( F i g u r e  2 ) .  
The i n i t i a t o r  s o l u t i o n  was prepared by adding t o  t h e  a d d i t i o n  fun -  
n e l  w i t h  s y r i n g e s  0.80 m l  1 . 6  M b u t y l l i t h i u m  and 0 . 5  m l  monomer, g i v i n g  
an i n i t i a t o r  c o n c e n t r a t i o n  of about 0.01 meg. p e r  m l .  Warming wi th  a 
h e a t  gun has tened  t h e  fo rma t ion  of  t h e  co lo red  an ion .  The benzene i n  C 
was t h e n  hea ted  t o  r e f l u x  and t i t r a t e d  w i t h  t h e  i n i t i a t o r  s o l u t i o n  u n t i l  
a yel low c o l o r  p e r s i s t e d .  The r e f l u x i n g  and t i t r a t i o n s  should  be c o n t i n -  
ued f o r  about 2 hours  and may consume 10 to  30 m l  i n i t i a t o r  s o l u t i o n .  
A f t e r  r e a c t o r  C w a s  cooled  t o  5-10', a d d i t i o n  of t h e  f r e s h l y  p u r i f i e d  
monomers (wi th  a s y r i n g e  v i a  serum cap  a t  6 i f  l i q u i d ,  or a s  a benzene 
s o l u t i o n  i f  s o l i d )  d i s s i p a t e d  t h e  yellow c o l o r .  I m p u r i t i e s  i n  t h e  mono- 
m e r  w e r e  t i t r a t e d  a t  5-loo by adding i n i t i a t o r  u n t i l  t h e  c o l o r e d  an ion  
p e r s i s t e d  f o r  0 . 5  hour .  A f t e r  C was brought  t o  50' w i t h  a warm water 
b a t h ,  t h e  r e q u i r e d  amount of i n i t i a t o r  was added. In  5-15 minutes  an 
exotherm was observed;  w i t h i n  30 minutes  t h e  s o l u t i o n  sometimes became 
q u i t e  v i s c o u s .  
h e a t  lamp, t h e n  t h e  po lymer i za t ion  w a s  t e rmina ted  by adding a few d rops  
of  i sop ropano l .  The polymer was p r e c i p i t a t e d  by s lowly  adding t h e  v i s c o u s  
The tempera ture  was kep t  a t  about  50' for 6 hour s  wi th  a 
4 
s o l u t i o n  t o  2 t o  3 l i t e r s  of methanol s t i r r i n g  i n  a 1 -ga l lon  Waring 
Blendor .  Conversion was u s u a l l y  of t h e  o r d e r  of 90%. 
B. Polvmer F r a c t i o n a t i o n  
Although many of  t h e  polymers prepared  us ing  t h e  procedure  j u s t  de-  
s c r i b e d  were of reasonably  narrow molecular  weight  d i s t r i b u t i o n  ( s e e  Tab le  
I V ,  V,  and V I ) ,  a l l  samples submit ted t o  t h e  Jet P ropu l s ion  Labora tory  were 
f r a c t i o n a t e d  t o  f u r t h e r  narrow t h e  molecular  weight  d i s t r i b u t i o n .  
The f r a c t i o n a t i o n s  were c a r r i e d  o u t  i n  two 14-ga l lon  c o n s t a n t  t e m -  * 
p e r a t u r e  b a t h s ,  each w i t h  a s p e c i a l  5 - l i t e r  3-necked f l a s k  wi th  a w e l l  
on t h e  bottom. 
The usua l  procedure was t o  make up a 3% s o l u t i o n  of polymer i n  ben- 
zene (about  30 g i n  1000 ml ) ,  h e a t  t h i s  s o l u t i o n  wi th  s t i r r i n g  and under  
n i t r o g e n  t o  5OoC, and then  s l o w l y  add methanol u n t i l  t h e  s o l u t i o n  becomes 
c loudy.  Th i s  o r d i n a r i l y  r e q u i r e d  from 260 t o  300 m l  of methanol .  The 
cloudy s o l u t i o n  w a s  t h e n  s lowly  cooled t o  room t empera tu re  and t h e  g e l  
a l lowed t o  s e t t l e  t o  t h e  bottom of  t h e  w e l l .  The s u p e r n a t a n t  l i q u i d  w a s  
decan ted  and t h e  g e l  added t o  a Waring Blendor  wi th  methanol .  A f t e r  
thorough b lending ,  t h e  s o l i d  was f i l t e r e d ,  washed w i t h  f r e s h  methanol ,  
and d r i e d  i n  a vacuum oven a t  80'C f o r  24 hour s .  
C .  Monomer P u r i f i c a t i o n  
The monomers used i n  t h i s  r e sea rch  were purchased from t h e  Research  
Organic  Chemical Co. and from t h e  Aldr ich  Chemical Co. They were qu ike  
impure and r equ i r ed  e x t e n s i v e  p u r i f i c a t i o n .  Indeed,  t h e  most d i f f i c u l t  
a s p e c t  of t h i s  work h a s  been t h e  a c q u i s i t i o n  of t h e  monomers and t h e i r  
re f inement  t o  t h e  h igh  p u r i t y  necessary  f o r  good a n i o n i c  po lymer i za t ion .  
1-Vinylnaphthalene,  as ob ta ined  commercial ly ,  w a s  a mix tu re  of  30 
t o  40% monomer i n  low molecular  weight polymer.  The yel low v i s c o u s  mass 
w a s  d i s s o l v e d  i n  benzene and added s lowly  t o  a l a r g e  volume of 65' l i g r o i n  
t o  p r e c i p i t a t e  t h e  polymers .  The s o l u t i o n  of  monomer i n  l i g r o i n  was t h e n  
passed  through a column wi th  s i l i c i c  a c i d  and alumina i n  a l t e r n a t i n g  l a y e r s  
5 
u n t i l  no more co lor  w a s  removed. A f t e r  c o n c e n t r a t i o n  on a r o t a r y  evap-  
o r a t o r ,  1 -v iny lnaph tha lene  w a s  d i s t i l l e d  i n  vacuo ( b . p .  5 5 ' C ,  0 . 2  t o r r . ) .  
The d i s t i l l e d  product  had a f a i n t  yellow co lo r .  Crude 1 -v iny lnaph tha lene  
p r e p a r e d  a t  SRI by dehydra t ion  of 1-naphthyle thanol  w a s  d i s s o l v e d  i n  
l i g r o i n ,  s e p a r a t e d  Irom water ,  and p u r i f i e d  by t h e  s i l i c i c  acid-alumina 
t r ea tmen t  a s  a l r e a d y  d e s c r i b e d .  While t h e  i n i t i a l l y  d i s t i l l i n g  product  
w a s  f a i n t l y  ye l low,  much o f  t h e  d i s t i l l e d  p roduc t  w a s  color less .  
The y e l l o w  commercial 2-v inylnaphtha lene  and 4-v inylb iphenyl  w e r e  
d i s s o l v e d  i n  l i g r o i n  and a benzene- l igro in  mix tu re ,  r e s p e c t i v e l y ,  and 
passed  through a column of s i l i c i c  a c i d  and alumina u n t i l  no more co lo r  
w a s  removed, Then t h e  s o l u t i o n s  were c o n c e n t r a t e d  on  a r o t a r y  evapora-  
t o r .  The recovered  monomers w e r e  r e c r y s t a l l i z e d  from methanol  and t h e n  
subl imed i n  vacuo.  2-Vinylnaphthalene sub l imed  a t  50-60" ,  4-vinylb i -  
phenyl  a t  90-looo. 
d i s s o l v e d  i n  benzene and t r e a t e d  with t h e  o rgano l i th ium po lymer i za t ion  
i n i t i a t o r  u n t i l  t h e  c h a r a c t e r i s t i c  c o l o r  of t h e  ca rban ion  began t o  form. 
The m i x t u r e  w a s  t h e n  r a p i d l y  cooled  w i t h  i ce ,  t h e  benzene s t r i p p e d  o f f  
i n  vacuo, and t h e  monomer subl imed wi thout  exposure  t o  a i r .  The p u r i f i e d  
2-v inylnaphtha lene  u s u a l l y  mel ted a t  66-67O, b u t  o c c a s i o n a l l y  began t o  
m e l t  a s  low as  60G.  
122O, bu t  o c c a s i o n a l l y  began t o  m e l t  as l o w  as  105>. 
coioi- less  a f t e r  s u i j i i i r ~ a t i o r ~ .  
I n  some p u r i f i c a t i o n s  t h e  r e c r y s t a l l i z e d  monomer w a s  
The p u r i f i e d  4-v inylb iphenyl  u s u a l l y  mel ted  a t  120- 
Both monomers were 
D.  S y n t h e s i s  of 1-VinvlnaDhthalene 
Because of d e l a y s  i n  r e c e i v i n g  t h i s  monomer and t h e  f a c t  t h a t  i t  
was u s u a l l y  r e c e i v e d  as 60-70% polymer, i t  w a s  dec ided  t o  s y n t h e s i z e  
t h i s  monomer h e r e .  The f o l l o w i n g  s y n t h e t i c  r o u t e  was used 
Br  
OH 
I 
CH-CH, CH=CH, 
6 
A t y p i c a l  procedure  i s  g iven  below. It i s  d e s c r i b e d  i n  some d e t a i l  be- 
cause  i t  r e p r e s e n t s  a c o n s i d e r a b l e  improvement ove r  t h o s e  r e p o r t e d  i n  
t h e  l i t e r a t u r e . " ' 7  
Magnesium t u r n i n g s  (24 .3  g,  1 mole) were p laced  i n  a 2 - l i t e r  
3-necked f l a s k  equipped w i t h  a mechanical s t i r rer ,  a r e f l u x  condenser ,  
and a 1- l i ter  a d d i t i o n  f u n n e l .  A n i t r o g e n  atmosphere was main ta ined  
i n  t h e  f l a s k .  After t h e  e n t i r e  appa ra tus  was f lamed,  207 g ( 1  mole) of 
f r e s h l y  d i s t i l l e d  1-bromonaphthalene (Eastman Kodak, b . p .  100°C, 
1 t o r r . )  and 500 m l  of d r i e d  t e t r a h y d r o f u r a n  were p laced  i n  t h e  add i -  
t i o n  f u n n e l  and a sma l l  p o r t i o n  added t o  t h e  s t i r r e d  magnesium t u r n -  
i n g s .  The mixture  was s t i r r e d  and hea ted  g e n t l y  u n t i l  t h e  r e a c t i o n  
began. The remaining s o l u t i o n  was then  added s lowly  so a s  t o ' m a i n t a i n  
g e n t l e  r e f l u x .  O n  comple t ion  of t h i s  r e a c t i o n ,  44 g (1 mole) of ace-  
t a ldehyde  (Eastman Kodak, used as rece ived)  d i s s o l v e d  i n  300 m l  of 
t e t r a h y d r o f u r a n  was s lowly  added from t h e  a d d i t i o n  f u n n e l .  Next,  
150 g of ammonium c h l o r i d e  i n  500 m l  of w a t e r  were added wi th  r a p i d  
s t i r r i n g ,  t h e  mix tu re  t r a n s f e r r e d  to  a s e p a r a t o r y  f u n n e l ,  and t h e  
aqueous l a y e r  s e p a r a t e d .  After washing tw ice  w i t h  t e t r a h y d r o f u r a n ,  
t h e  combined e x t r a c t s  and t h e  o r i g i n a l  o r g a n i c  l a y e r  were combined 
and t h e  t e t r a h y d r o f u r a n  removed by d i s t i l l a t i o n .  The remaining brown 
s o l i d  was r e f l u x e d  w i t h  750 m l  of petroleum e i t h e r  (65-11OOC) and t h e  
cooled  s o l u t i o n  f i l t e r e d  and washed t w i c e  w i t h  50 m l  of petroleum 
e i t h e r .  The y i e l d  was 7 2 . 0  g (41.9%) m.p. 65'C. 
The dehydra t ion  was performed a s  f o l l o w s :  2- foot - long ,  l - i n c h -  
d i a m e t e r  Pyrex column provided  w i t h  a thermocouple w e l l  was packed t o  
a l e n g t h  of 14  i n c h e s  w i t h  4-mesh Alcoa a c t i v a t e d  alumina and topped 
wi th  a 1- inch  h e i g h t  of g l a s s  beads. A dropping  f u n n e l  c o n t a i n i n g  t h e  
c a r b i n o l  was p laced  on t o p  of t h e  column and a r e c e i v i n g  f l a s k  cooled  
t o  -76'C a t  t h e  bottom. 
column was hea ted  t o  3OO0C, and t h e  c a r b i n o l  was mel ted  i n  t h e  drop-  
p ing  f u n n e l  by means of an i n f r a r e d  lamp and al lowed t o  degass  f o r  
one hour .  The molten c a r b i n o l  was nex t  s lowly  al lowed t o  d r o p  through 
t h e  column and t h e  product  c o l l e c t e d  i n  t h e  r e c e i v i n g  f l a s k .  The y i e l d  
A 0 . 5 - t o r r  vacuum was e s t a b l i s h e d ,  t h e  
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of 1 -v iny lnaph tha lene  was u s u a l l y  of t h e  o r d e r  of 90%. 
E.  Polymer C h a r a c t e r i z a t i o n  
The bulk of t h e  polymer c h a r a c t e r i z a t i o n  was performed us ing  a 
Waters  A s s o c i a t e  g e l  permeat ion chromatograph equipped w i t h  one lo6 i, 
two lo5  1, and two lo4 A po lys ty rene  g e l  columns. Toluene was used a s  
t h e  c a r r i e r  and t h e  ins t rument  was ope ra t ed  a t  7OoC.  
A t y p i c a l  g e l  permeat ion chromatograph i s  shown i n  F igu re  3 .  I n  
F i g u r e  4 i s  shown a c a l i b r a t i o n  p l o t  o b t a i n e d  w i t h  compounds of known 
c h a i n - l e n g t h ,  s u p p l i e d  by Waters Assoc ia t e s .  Th i s  c a l i b r a t i o n  can then  
be used t o  de t e rmine  t h e  c h a i n  l e n g t h  of unknown molecu la r  weight  com- 
pounds by measuring curve  h e i g h t s  on t h e  g e l  permeat ion t r a c e  f o r  each  
c o u n t ,  t h u s  de t e rmin ing  t h e  number of c h a i n s  f o r  each p a r t i c u l a r  c h a i n  
l e n g t h .  These d a t a  can then  be conver ted  t o  A and A which a r e  
e s s e n t i a l l y  number average  and weight ave rage  molecu la r  weights  i n  
Angstroms. Table  I shows t h i s  c a l c u l a t i o n  f o r  t h e  chromatograph de-  
p i c t e d  i n  F i g u r e  3 .  
n W ’  
I n  o r d e r  t o  o b t a i n  a c t u a l  molecular  we igh t s  i t  i s  necessa ry  t o  
m u l t i p l y  t h e s e  q u a n t i t i e s  by a f a c t o r  Q such t h a t ;  
and M = QwAw - Mn - QnAn W 
The q u a l i t y  Q i s  d e f i n e d  a s  the  molecu la r  weight  p e r  Angstrom 
l e n g t h  c o n s i d e r i n g  on ly  va lence  ang le s  and bond l e n g t h s  i n  a f u l l y  
ex tended  molecule .  I n  v i n y l  polymers t h i s  r e p e a t  d i s t a n c e  i n  an 
ex tended  cha in  i s  2 .55  A, and t h e r e f o r e  Q v a l u e s  should  be o b t a i n a b l e  
by d i v i d i n g  t h e  molecu la r  weight of t h e  r e p e a t  u n i t  M by 2 . 5 5 .  
0 
In  a c t u a l  p r a c t i c e ,  Q v a l u e s  a r e  o b t a i n e d  from t h e  s l o p e  of p l o t s  
of molecu la r  we igh t s  ob ta ined  from l i g h t  s c a t t e r i n g  and osmometry meas- 
urements  a g a i n s t  A v a l u e s  ob ta ined  from g e l  permeat ion d a t e .  
Table  I1 shows t h e  r e s u l t s  of molecu la r  weight  measurements f o r  
po ly-2-v inylnaphtha lene  and poly-4-v inylb iphenyl .*  P l o t s  of t h e s e  
*The l i g h t  s c a t t e r i n g  and osmometry measurements shown i n  Table  I1 w e r e  
c a r r i e d  ou t  a t  JPL by D r .  Jovan Moacanin and Mr. R .  Landens lager .  
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v a l u e s  vs .  cor responding  A v a l u e s  a r e  shown i n  F i g u r e s  5, 6 ,  7 ,  and 8 .  
Tab le  I11 shows Q v a l u e s  a c t u a l l y  ob ta ined  and t h o s e  c a l c u l a t e d .  Poly-  
s t y r e n e  and polyacenaphtha lene  have been inc luded  f o r  t h e  sake  of i n t e r e s t .  
- 
It w i l l  be noted t h a t  t h e  va lues  of  Q and Q w h i l e  s i m i l a r ,  a r e  no t  
W n’ 
i d e n t i c a l  so t h a t  t h e  molecular  weight d i s t r i b u t i o n  of  an unknown polymer 
cannot  always be ob ta ined  from a r a t i o  of A /A . I t  w i l l  a l s o  be noted  
t h a t  t h e  c a l c u l a t e d  Q v a l u e s  are very close t o  t h e  measured Q v a l u e s .  
T h i s  e x c e l l e n t  agreement i s  t o  a l a r g e  measure due t o  t h e  f a c t  t h a t  t h e  
i n i t i a l  c a l i b r a t i o n  w a s  performed with p o l y s t y r e n e  where an extended 
c h a i n  c o n f i g u r a t i o n  was assumed, and t h u s  i n d i c a t e s  t h a t  t h e s e  v i n y l -  
a romat i c  polymers i n  s o l u t i o n  have t h e  same e f f e c t i v e  s i z e .  
w n  
W 
D e t a i l e d  c h a r a c t e r i z a t i o n  of  a l l  polymer samples d e l i v e r e d  t o  t h e  
Jet P ropu l s ion  Labora tory  a r e  shown i n  Tab les  I V ,  V ,  and V I .  In  c a l c u -  
l a t i n g  t h e  da t a  f o r  poly-1-vinylnaphthalene,  i t  was assumed t h a t  Q and 
would be i d e n t i c a l  t o  t h o s e  ob ta ined  for poly-2-v inylnaphtha lene .  Qn 
W 
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C o u n t s  
17.5 
18.5 
19.5 
20.5 
21.5 
22.5 
23.5 
24.5 
25.5 
Totals 
T a b l e  I 
CALCULATION O F  An AND Aw FOR SAMPLE 
8080-60-1 
H e i g h t  
H i  = 
M i N i  
0 
7 
45 
139 
133 
53 
15 
3 
0 
395 
C h a i n  
Length 
A i  
- 
8.4 x io3 
4.9 x io3 
2.8 x io3 
1.6 x io3 
9.6 X lo2 
5.6 X loa 
3.6 X 10' 
- 
H i / A i  
- 
0.00083 
0.00918 
0.04964 
0.08312 
0.05520 
0.02679 
0.00833 
- 
0.23309 
H i A i  
- 
58,800 
220,500 
389,200 
212,800 
50,880 
8,400 
1,080 
- 
941,660 
= 1694.6 1 c M i N i  395 
M n 
n Q Q X =  0.23309 A = - =  
= 2383.9 - M i 2 N i  - 941,660 - Mw 
A W = &  Q c M i N i  - 395 
= 1.41 - 2383.9 1694.6 
- 
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Table I1 
- 
8036-16 
8036-18 
8080 -44-1 
8080-45-1 
8080-46-1 
8080-48 -1 
8080-48-2 
8080-57-1 
8080-41 -1 
8080-42-1 
8080-51 -1 
8080-52-1 
8080-56-1 
8080 -63 -1 
8080-64-1 
8080-71-i 
8080-72-1 
LIGHT SCATTERING AND OSMOMETRY DATA FOR 
POLY-2-VIMILNAPHTHALENE AM) POLY -4-VINYLBIPHENYL 
Code No. I Polymer 
P2vN 
P2vN 
P2vN 
P2vN 
P2vN 
P2vN 
P2vN 
P2vN 
P4vB 
P4vB 
P4vB 
P4vB 
P4vB 
P4vB 
P4vB 
P4-m 
P4vB 
".zy 
x 10-~ 
240 
152 
694 
686 
345 
- 
- 
- 
73 5 
704 
74 
78 
94 
1670 
- 
i 40 
- 
Mn 
x lo9 
104 
84 
489 
352 
135 
128 
124 
2 23 
459 
379 
69 
68 
62 
510 
4 20 
i05 
86 
Mw'Mn 
2.31 
1.81 
1.42 
1.95 
2.56 
- 
- 
- 
1.60 
1.86 
1.07 
1.15 
1.52 
3.27 
- 
1.33 
- 
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Table I11 
CALCULATED AND OBSERVED Q-VALUES FOR 
VARIOUS VINYLAROMATIC POLmRS 
~~ 
Po 1 yme r 
PlvN 
P2vN 
P4vB 
PS 
PAcN 
P1 VN 
P2vN 
P4vB 
PS 
PAcN 
MO 
154 
154 
180 
104 
159 
&w 
- 
63.1 
74.6 
41.9 
59.8 
‘n 
75.0 
68.1 
46.9 
69.4 
M0/2. 55 
60.4 
60.4 
70.6 
40.8 
59.6 
Poly-1 -Vinylnaphthalene 
Poly-2-Vinyln aphthalene 
Poly-4-Vinyl biphenyl 
Polystyrene 
Polyacenaphthalene 
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Table I V  
CHARACTER I ZAT ION OF POLY -1 -VINYLNAPHTHALENE BY GEL PERMEATION 
CHROMATOGRAPHY 
Q = 75.0; Q = 63.1 n W 
C o d e  N o .  
8036 -64 
8080 -59 -1 
8080 -60 -1 
8036-71 
8080 -65 -1 
8080-66-1 
8036-81 
8080 -73 -1 
8080-74-1 
8036-89 
8080-87-1 
8080-88-1 
803 6 -90 
8080-89 -1 
8036 -98 
An 
1273 
1813 
1695 
1533 
1676 
1326 
1499 
2414 
2840 
1180 
1213 
1319 
1697 
2244 
658.8 
2076 
2461 
2384 
2611 
2836 
2335 
3779 
4477 
5012 
1512 
1488 
1638 
4592 
4701 
827.3 
1.63 
1.36 
1.41 
1.70 
1.69 
1.76 
2.52 
1.85 
1.76 
1.28 
1.23 
1.24 
2.70 
2.09 
1.26 
n M 
95,500 
136,000 
127,100 
115,000 
125,700 
99,500 
112,400 
181,000 
213,000 
88,500 
98,300 
127,300 
168,300 
49,400 
91,000 
MW 
131,000 
155,300 
150,400 
164,800 
179,000 
147,300 
238,500 
282,500 
316,300 
95,400 
103,400 
289,800 
296,600 
52,200 
93,900 
MW’l 
1.37 
1.14 
1.18 
1.43 
1.42 
1.48 
2.12 
1.56 
1.48 
1.08 
1.03 
1.05 
2.28 
1.76 
1.06 
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Table V 
CHARACTERIZATION OF POLY-2-VINYLNAPHl"ALENE BY GEL PERMEATION 
CHROMATOGRAPHY 
Q = 75.0; Qu, = 63.1 n 
Code N o .  
8036-23 
8080-44-1 
8080-45 -1 
8036 -1 8 
8080-48-1 
8080-48-2 
8080 -46 -1 
8036-16 
8080 -57 -1 
8080 -58-1 
8036-45 
8080-61-1 
8080-62-1 
803 6 -1 9 
8080 -67 -1 
8080-68-1 
803 6 -66 
8080-69-1 
8080-70-1 
n A 
3862 
6342 
5048 
1265 
1878 
1451 
1479 
1840 
2794 
2887 
63 6 
681 
73 7 
917 
938 
934 
2492 
4039 
4002 
W 
A 
8921 
11666 
10178 
2262 
2892 
20 21 
2290 
4225 
4958 
4851 
776 
775 
848 
976 
1038 
1014 
7661 
9184 
8929 
2.31 
1.84 
2.02 
1.79 
1.54 
1.39 
1.45 
2.30 
1.77 
1.68 
1.22 
1.15 
1.14 
1.06 
1.11 
1.08 
3.07 
2.27 
2.23 
M 
n 
289,700 
475,700 
378,600 
94,900 
140,900 
108,800 
110,900 
138,000 
209,600 
216,500 
47,700 
51,100 
55,300 
68,800 
70,400 
76,100 
186,900 
302,900 
300,100 
MW 
562,900 
736,100 
642,200 
142,700 
182,500 
127,500 
144,500 
266 600 
312 800 
306 100 
49 000 
48,900 
53,500 
61,600 
65,500 
64,000 
483,400 
579,500 
563,400 
Mw'Mn 
1.94 
1.55 
1.70 
1.50 
1.29 
1.17 
1.30 
1.93 
1.49 
1.41 
- 
- - 
2.59 
1.91 
1.88 
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Table VI 
CHARACTERIZATION OF F'OLY-4-VINYLBIPHENYL BY GEL PERMEATION 
CHROMATOGRAPHY 
Q = 68.1; Q = 74.6 n W 
Code No. 
8036-30 
8080-41 -1 
8080-42-1 
8036-27 
8080-51-1 
8080 -52-1 
8036-38 
8080 -53 -1 
8080-56-1 
8036 -35 
8080-63 -1 
8080-64-1 
803 6 -73 
8080-71 -1 
8080-72-1 
8036-91 
8080-90-1 
8080-91-1 
n A 
3952 
5036 
4719 
8 28 
943 
986 
659 
855 
995 
3646 
7533 
6080 
1279 
1714 
1606 
4871 
4237 
4473 
10100 
947 1 
98 20 
1031 
1083 
1125 
935 
1141 
1381 
13600 
14800 
11100 
2060 
2271 
2206 
6773 
63 26 
6559 
2.56 
1.88 
2.10 
1.24 
1.15 
1.14 
1.42 
1.33 
1.39 
3.73 
1.96 
1.82 
1.61 
1.32 
1.37 
1.39 
1.49 
1.47 
~~ 
n M 
269,100 
343,000 
321,400 
56,400 
64,200 
67,100 
44,900 
58,200 
67,800 
248,300 
513,000 
414,000 
87,100 
116,700 
109,400 
331,700 
288,500 
304,600 
M 
W 
753,500 
706,500 
732,600 
76,900 
80,800 
83,900 
69,800 
85,100 
103,000 
1,014,000 
1,104,000 
828,000 
153,700 
169,400 
164,600 
505,300 
471,900 
489,300 
~~ 
Mw'Mn 
2.80 
2.06 
2.28 
1.36 
1.26 
1.25 
1.55 
1.46 
1.52 
4.08 
2.15 
2.00 
1.76 
1.45 
1.50 
1.52 
1.63 
1.61 
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FIG. 2 APPARATUS FOR MONOMER POLYMERIZATION 
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Phase Ib 
I INTRODUCTION 
Phase I b  of t h e  p r e s e n t  c o n t r a c t  was concerned w i t h  t h e  s y n t h e s i s ,  
c h a r a c t e r i z a t i o n ,  and d e l i v e r y  t o  t h e  Je t  P r o p u l s i o n  Labora tory  of sub- 
s t a n t i a l  amounts of s t e r e o r e g u l a r  polymers from 1 -v iny lnaph tha lene  (lVN), 
2-v inylnaphtha lene  (2VN), 4-vinylb iphenyl  (4VB), and 9 -v iny lca rbazo le .  
Though a c o n s i d e r a b l e  number of pape r s  have been pub l i shed  on the  
s t e r e o r e g u l a t e d  po lymer i za t ion  of s t y r e n e ,  very  l i t t l e  has  been r e p o r t e d  
on t h e  s t e r e o r e g u l a t e d  po lymer i za t ion  of o t h e r  v i n y l a r o m a t i c s .  In f a c t ,  
t h e  o n l y  known mention of t h e  s t e r e o r e g u l a r  po lymer i za t ion  of t h e  v i n y l -  
naph tha lenes  and 4VB i s  by N a t t a ,  Oanusso, and S i a n e s i ,  who surveyed  t h e  
po lymer i za t ion  of more than  20 v iny la romat i c  monomers .’ 
r i a l  from t h e i r  paper  i s  exce rp ted  i n  Tab le  I .  
Relevant  mate- 
The po lymer i za t ions  were repor t ed  t o  g i v e  polymers which were not  
s e p a r a b l e  by s o l v e n t  e x t r a c t i o n  i n t o  f r a c t i o n s  of d i f f e r e n t  s t e r i c  o r d e r .  
Fur thermore ,  w h i l e  i n  t h e  po lymer i za t ion  of v i n y l a l k a n e s ,  c a t a l y s t  s y s -  
t e m s  based on TiC1, a r e  known t o  g i v e  h i g h e r  i s o t a x y  than  t h o s e  based 
on T i C l , ,  s u r p r i s i n g l y ,  N a t t a  e t  a l .  have r e p o r t e d  t h a t  w i t h  v i n y l a r o -  
m a t i c s  bo th  ca ta lys t  s y s t e m s  behave s i m i l a r l y .  No d e t a i l e d  c h a r a c t e r -  
i z a t i o n  of s t e r e o r e g u l a r  v iny la romat i c  pol.ymers, could  be found i n  t h e  
l i t e r a t u r e ;  however, i t  was r epor t ed  t h a t  d i f f e r e n c e s  could be noted  
i n  t h e i r  I R  s p e c t r a . ’  
On t h e  o t h e r  hand, l i t e r a t u r e  d e a l i n g  w i t h  t h e  s t e r e o r e g u l a r  po ly-  
m e r i z a t i o n  of s t y r e n e ,  t h e  p ro to type  v i n y l a r o m a t i c ,  was q u i t e  e x t e n s i v e , 2  
but  even h e r e  r e p o r t e d  procedures  and resu l t s  were n o t  comple te ly  s a t i s -  
f a c t o r y .  Two of t h e  b e t t e r  s y n t h e t i c  p rocedures  were r e p o r t e d  t o  pro-  
duce o n l y  about 44% conversion’  and 4 grams i s o t a c t i c  p o l y m e s  p e r  gram 
TiCl,, r e s p e c t i v e l y .  A t h i r d  procedure  u s i n g  monomer a s  t h e  polymer iza-  
t i o n  medium was l i m i t e d  t o  about 20% conver s ion  by hand l ing  and work-up 
problems. 
S ince  f a i r l y  l a r g e  samples of s t e r e o r e g u l a r  polymers were t o  be 
p repa red  from r a t h e r  expens ive  monomers, some e f f o r t  was devoted t o  
25 
Table I 
DATA ON POLYMERIZATION OF VINI‘LAROMATIC MONOMERS 
OBTAINED BY NATTA ET AL. 
Monomer 
Phys ic  a 1 M e  1 t i  ng Conversion 
Po 1 yme r 
S t a t e  of t h e  Temperature  rrllc Yieldd 
(“ C )  
a 
S t y r e n e  C r y s t a l l i n e  240 3 . 5  43 .7  
1-Vinylnaphtha lene  C r y s t a l l i n e  - 360 2 . 3  12.9 
2 -Vin y l n  aph t h a1 ene  Amorphous - 3 . 4  3 8 . 9  
4-Vinylbiphenyl  Amorphous - 0 . 7  3 9 . 2  
a The c r y s t a l l i n e  polymers have been c h a r a c t e r i z e d  by x-ray and p o l a r i -  
z i n g  h o t - s t a g e  microscope examinat ions.  Many polymers achieve  t h e  
c r y s t a l l i n e  s t a t e  d u r i n g  p r e p a r a t i o n ;  sometimes,  t hey  become c r y s t a l -  
l i n e  o n l y  a f t e r  s u i t a b l e  thermal  t r ea tmen t s .  W e  have cons ide red  a s  
amorphous t h o s e  polymers whose x - r a y  diagrams d i d  not  show s h a r p  d i f -  
f r a c t i o n  peaks a f t e r  s e v e r a l  a t t e m p t s  of c r y s t a l l i z i n g  them by thermal  
t r e a t m e n t s  a t  t empera tu res  h i g h e r  than t h a t  of g l a s s  t r a n s i t i o n .  
bTernperature of complete  d isappearance  of t h e  c r y s t a l l i n i t y ,  de te rmined  
by p o l a r i z i n g  h o t - s t a g e  microscope,  with heating r a t e  of 1-2’C/rnir:. 
C -. 
I n t r i n s i c  v i s c o s i t y  i n  t e t r a l i n  a t  100°C,  i n  100 cm’ g * ,  determined 
on samples  ob ta ined  a s  s p e c i f i e d  i n  f o o t n o t e  d .  
Polymer i za t ion  c o n d i t i o n s :  
80*10-‘ mole monomer; r e a c t i o n  volume, 35 cm’ ; s o l v e n t ,  benzene; 7 hour s  
of r e a c t i o n  a t  7OoC. 
2.0.10” mole TiC14, 6 .0-10-3 mole Al(Cz&), , d 
26 
deve lop ing  a po lymer i za t ion  procedure which a f f o r d e d  h igh  y i e l d  con- 
v e r s i o n s .  
The po lymer i za t ion  of 9 -v iny lca rbazo le  was c a r r i e d  ou t  a s  d e s c r i b e d  
i n  a Monteca t in i  p a t e n t . '  
I1 SUMMARY 
C a t a l y s t  systems based on TiC1, and 'TiC1, were s t u d i e d  i n  s t e r e o -  
r e g u l a r  po lymer i za t ions  of 1-v inylnaphtha lene ,  2 -v iny lnaph tha lene ,  
4 -v iny lb ipheny l ,  and, f o r  comparison, s t y r e n e .  Conversions of 75 t o  
95% were o b t a i n e d  wi th  t h e  Et3A1-TiC1, sys t em.  T h i s  r e p r e s e n t s  a s i g n i -  
f i c a n t  improvement ove r  r e p o r t e d  procedures .  E x t r a c t i o n  wi th  2-butanone 
removes polymer having low s t e reo regu la r i ty  (<lo%) and l e a v e s  t h e  i n s o l -  
u b l e  i s o t a c t i c  polymers .  I s o t a c t i c  PlVN and P2VN a r e  a t  l e a s t  p a r t l y  
s o l u b l e  i n  t o l u e n e ,  but i s o t a c t i c  P4vB i s  i n s o l u b l e  i n  t o l u e n e .  The 
i s o t a c t i c  polymers a r e  a l s o  d i s t i n g u i s h a b l e  from t h e  co r re spond ing  
a t a c t i c  polymers by t h e i r  I R  and NMR s p e c t r a .  
Po lymer i za t ion  of 9 -v iny lca rbazo le  was c a r r i e d  o u t  w i th  E tAlC1 ,  i n  
I n s o l u b l e ,  h i g h  m e l t -  t o l u e n e  a t  -76'C a s  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  
i n g  polymers were o b t a i n e d ,  which showed no d i f f e r e n c e s  (IR and X-ray) 
from free r a d i c a l  po ly-9-v inylcar52zole .  
I11 RESULTS AND DISCUSSION 
A. Po 1 vme r i  za  t i on 
I n  a l l ,  about 40 po lymer i za t ions  w e r e  conducted w i t h  Z ieg le r -Na t t a  
c a t a l y s t s .  The po lymer i za t ions  were conducted i n  pop b o t t l e s ,  and t h e  
polymer was i s o l a t e d  by washing with i sop ropano l .  E x t r a c t i o n  w i t h  
2-butanone (MEK) i s  known t o  remove a t a c t i c  p o l y s t y r e n e  from t h e  i n s o l -  
u b l e  i s o t a c t i c  polymers .3  It w a s  found, s i m i l a r l y ,  t h a t  a t a c t i c  P2VN 
and P4VB were r e a d i l y  e x t r a c t e d  wi th  r e f l u x i n g  MEK. A t a c t i c  PlVN. how- 
e v e r ,  was p e c u l i a r  i n  t h a t  e x t r a c t i o n  w i t h  h o t  MEK soon rendered  i t  a 
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f l u i d  v i s c o u s  mass, and long  e x t r a c t i o n  p e r i o d s  were n e c e s s a r y  t o  wash 
t h e  polymer from t h e  e x t r a c t i o n  th imble .  
The s t e r e o r e g u l a r  polymers could be  d i f f e r e n t i a t e d  from t h e i r  
a t a c t i c  ana logs  by t h e i r  i n s o l u b i l i t y  i n  MEK, by t h e i r  i n f r a r e d  s p e c t r a ,  
and, when s o l u b l e ,  by t h e i r  NMR s p e c t r a .  Po lymer i za t ion  d a t a  a r e  shown 
i n  Tab le  11. F i g u r e s  1-7 show I R  and NMR s p e c t r a .  
P r e l i m i n a r y  po lymer i za t ions  of s t y r e n e  conducted i n  cyclohexane 
i n d i c a t e d  t h a t  t h e  Et,Al-TiCl,  c a t a l y s t  system gave much h i g h e r  conver-  
s i o n  t o  i s o t a c t i c  polymer t h a n  e i t h e r  t h e  Et,A1-TiC14 or t h e  E t 2 A 1 C 1 -  
TiC1, sys tems ( runs  32-1 t o  32-4) .  Only low conver s ions  were o b t a i n e d ,  
however, when 2VN and 4VB w e r e  polymerized i n  cyclohexane w i t h  t h e  
Et,Al-TiCl, s y s t e m  ( r u n s  43-2 and 50). Changing f rom cyclohexane t o  
benzene, t h e  s o l v e n t  used by N a t t a  e t  a l . ,  r e s u l t e d  i n  h igh  conve r s ions  
(>90%) of t h e s e  monomers t o  i s o t a c t i c  polymers ( r u n s  55-4 and 55-6) .  
The s t e r e o r e g u l a r  po lymer i za t ion  of 4VB and 1 V N  w e r e  found t o  be a p p r e c i -  
a b l y  s lower  than  t h e  po lymer i za t ion  of 2VN, and even though 4VB u l t i m a t e l y  
gave h i g h  conve r s ion  t o  polymer, t h e  b e s t  conve r s ion  o b t a i n e d  wi th  1 V N  
was about  75% ( r u n s  63-4, 101-3, and 101-4) .  The f a c t  t h a t  b e t t e r  conver-  
s i o n s  were o b t a i n e d  i n  benzene than  i n  cyclohexane s u g g e s t s  t h a t  t h e  
s t e r e o r e g u l a r  po lymer i za t ion  of v i n y l a r o m a t i c s  i s  f a c i l i t a t e d  by s o l v e n t s  
which can  d i s s o l v e  or s w e l l  t h e  polymer. 
A s  a l r e a d y  mentioned, Natta et a l .  found t h a t  t h e  use  of TiC1, or 
TiC1, gave s i m i l a r  r e s u l t s  i n  t h e  polymer iza t ion  of v i n y l a r o m a t i c s .  Our 
r e s u l t s  w i t h  t h e  Et3A1-TiC13 sys t em a r e  b e t t e r  t han  t h o s e  of N a t t a  e t  a l . ,  
w h i l e  our r e s u l t s  w i t h  t h e  Et3A1-TiCl4 s y s t e m s  ( r u n s  94-4 and 95-6) a r e  
somewhat poore r  t han  t h e i r s .  
Although Et,AlCl-TiCl, i s  an o u t s t  anding c a t a l y s t  f o r  t h e  s t e r e o -  
r e g u l a t e d  po lymer i za t ion  of propene, w i t h  v i n y l a r o m a t i c s  t h i s  c a t a l y s t  
gave o n l y  low conver s ions  and t h e  r e s u l t i n g  product  con ta ined  c o n s i d e r -  
a b l e  amounts of a t ac t i c  polymer ( runs  32-4 and 87-1) .  I t  i s  l i k e l y  t h a t  
t h e  Et2A1C1-TiC1, s y s t e m  polymerizes  v i n y l a r o m a t i c s  so s lowly  t h a t  c a t -  
i o n i c  po lymer i za t ion  c a t a l y z e d  by t h e  E t 2 A l C l  becomes s i g n i f i c a n t .  I n  
a c o n t r o l  run (95-8), E t 2 A 1 C 1  a lone  caused 2VN t o  po lymer ize .  
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T a b l e  11 
FQLYMERIZATION OF VINYL AROMATIC COypOlRiDS WITH ZIEGLER-NATTA CATALYSTS"' b, 
S t y r e n e  
S t y r e n e  
S t y r e n e  
S t y r e n e  
Run 
10 
10 
10 
10 
8036-32-1 
8036-32-2 
8036-32-3 
8036-32-4 
8036-43-2 
8036-43-3 
8036-50 
8036-54-1 
8036-54-2 
8036-54-3 
8036-55-4 
8036-55-6 
8036-57-1 
8036-57-2 
8036-62-1 
8036 -63 -4 
8036-63-5 
8036-67-1 
8036-67-2 
8036-77 
8036-82 
8036-83 
8036-84 
8036-86-1 
8036-86-2 
8036-87-1 
8036-87-2 
8036-92 (4x)  
8038-94-1 
8036-94-2 
8036-94-3 
8036-94-4 
8036-95-5 
8036-95-6 
8036-95-7 
8036-95-8 
8036-99-1 
8036-99-2 
8036-100-1 
8036-100-2 
8036-101-3 
8036-101-4 
2VN 
2VN 
4vB 
2VN 
2VN 
2VN 
2VN 
4VB 
2VN 
2VN 
4vB 
1VN 
IVN 
2VN 
2VN 
2VN 
1 V N  
2VN 
2VN 
2VN 
2VN 
2VN 
2VN 
4vB 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
4 . 5  
4 . 5  
5 
5 
3 6 . 4  
3 5 . 3  
3 5  
30 
3 2  
3 2  
5 
5 
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s t v r e n e  I 5 
1VN 1 9 . 7  
1VN 20.8  
1 V N  20.3 
1W 20.3  
1 V N  2 1 . 2  
1VN 20.3 
Alumii -
Compd . 
-
TEAL 
TEAL 
TEAL 
DEAC 
TEAL 
TEAL 
TBAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
VEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
DEAC 
DEAC 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
DEAC 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
TEAL 
- 
mole 
- 
1 2  
6 
8 
8 
4 
3 . 7  
4 
1 .8  
2 
6 
1.3 
3 
3 
3 
3 
3 
3 
2 
2 
10 
1 2  
10 
10 
10 
10 
6 
6 
10 
3 
3 
3 
9 
6 
9 
3 
6 
10 
10 
10 
10 
10 
10 
T i  -I 
compd . 
TiCl,  
TiCl, 
TiC1, 
TiCl,  
TiC1, 
TIC1, 
TiCl, 
TiCl, 
TiC13 
TiCl, 
TiC1, 
TiCl3  
TiC1, 
TiCl,  
TiC1, 
TiC13 
TiC13 
TiC1, 
TiCIJ  
TiCl, 
TiC13 
TiC1, 
TiC1, 
TiC1, 
TiCl3  
TiC1, 
TiC1, 
TiCIJ  
TiCl,  
T iCl ,  
TiCl,  
TiCl,  
TiCl,  
TiC13 
TiC13 
TiCl,  
T iCl ,  
TiCl,  
T iCIJ  
TiCl,  
T i %  
- 
i d e  a 
4 
4 
2 . 5  
2 . 5  
1.3 
2 
1 . 3  
0 . 2  
0 . 7  
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
7 
10 
7 
7 
7 
7 
2 
2 
7 
2 
z 
2 
3 
2 
3 
2 
7 
7 
10 
10 
10 
10 
- 
AI/T!~) 
- 
3 
1 .5  
3 
3 
3 
1 . 8  
3 
- 
3 
3 
1 . 5  
1 .5  
1.5 
1 .5  
1 .5  
1 .5  
1 .5  
1.5 
1 . 5  
1 .5  
1 
1 . 5  
1 . 5  
1 . 5  
1.5 
3 
3 
1 .5  
1 . 5  
i.5 
1 . 5  
3 
3 
3 
1.5 
1 . 5  
1 . 5  
1 
1 
1 
1 
- 
- 
Hours 
- 
20 
20 
20 
20 
40 
40  
40  
40  
20  
20 
20 
60 
20 
20 
40 
40 
40  
20 
20 
40 
40  
40  
40  
20 
20 
40 
40 
7 0  
20 
20 
20 
20 
7 
40  
20 
40 
90 
9 0  
70 
7 0  
7 0  
7 0  
Con". 
20 
41 
7 9  
24 
20 
4 8  
13 
5 2  
90 
56 
96 
9 6  
72 
38 
58 
7 6  
9 
30 
82 
7 9  
60 
9 1  
90 
7 9  
55 
64 
6 4  
67  
9 2  
88 
9 0  
26 
7 
13 
9 1  
25 
67  
6 4  
49 
4 9  
7 5  
7 5  
% MEK 
I n s o l .  
44  
51 
9 3  
4 4  
7 0  
6 
66 
- - 
9 4  
9 7  
96 
68 
9 
8 
9 0  
- 
3 2  
7 0  
4 2  
93 
95 
9 6  
9 4  
18 
21 
9 5  
9 4  
95 
9 5  
6 7  
10 
11 
9 6  
9 5  
95 
- 
- 
- - - 
- 
% %Me 
I n s o l .  
23 
11 
4 1  
1 4  
n i l  
53  
- 
- - 
- 
l a r g e  
9 4  
16 - - 
26 
- 
nil 
n i  1 
n i l  
51 
(40) 
n i l  
n i l  
- 
- - 
93 
11 
10 
11 
nil - 
- 
58 
7 3  
24 
24 
43  
4 3  
- 
- 
(a) 
(b)  
( c )  TEAL = T r i e t h y l a l m i n u r n ;  DEAC = d i a t h y l a l m i n m  c h l o r i d e .  
( d )  Approximate  v a l u e s .  
(e) VC1 = Vinyl  c h l o r i d e .  
P o l y m e r i z a t i o n s  w e r e  r u n  a t  60' i n  benzene  e x c e p t  f o r  runs 32-1 t o  50 w h i c h  w e r e  in c y c l o h e x a n e  
A d i f f e r e n t  b a t c h  o f  TiC1, was u s e d  b e g i n n i n g  w i t h  r u n  86-1. 
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The s o l u b i l i t y  behav io r  of t h e  i s o t a c t i c  po lyv iny la romat i c s  i s  some- 
what p e c u l i a r  and i s  not  y e t  e n t i r e l y  unders tood .  P2VN v a r i e d  from 
l a r g e l y  i n s o l u b l e  t o  l a r g e l y  s o l u b l e  i n  t o l u e n e .  Po lymer i za t ion  condi -  
t i o n s  y i e l d i n g  h igh  conve r s ions  seemed t o  g i v e  t h e  l e a s t  s o l u b l e  polymer 
(of r u n s  43-2 and 55-4).  Much of the  P2VN which was s o l u b l e  i n  ho t  
t o l u e n e  came o u t  of s o l u t i o n  when t h e  s o l u t i o n  was coo led .  I s o t a c t i c  
PlVN appeared t o  be comple te ly  s o l u b l e  a t  t h e  c o n d i t i o n s  of polymeriza-  
t i o n  (benzene a t  60° ) ,  and t h e  polymer iza t ion  mix tu res  g r a d u a l l y  became 
v e r y  v i s c o u s  but d i d  n o t  g e l 1  i f  t h e  t empera tu re  w a s  kep t  a t  60'. 
c o o l i n g  t o  room t empera tu re  t h e  s o l u t i o n s  g e l l e d  i r r e v e r s i b l y ;  warming 
f o r  an extended pe r iod  a t  75' d i d  not r e d i s s o l v e  t h e  polymer. 
P4VB appeared t o  be on ly  s l i g h t l y  swollen i n  i t s  po lymer i za t ion  m i x t u r e s ,  
and w a s  i n v a r i a b l y  i n s o l u b l e  i n  h o t  t o luene .  
On 
I s o t a c t i c  
S i n c e  ex t remely  h i g h  molecu la r  weights  could  account  f o r  t h e  i n -  
s o l u b i l i t y  of some of t h e  polymers ,  some po lymer i za t ions  were run i n  
t h e  p re sence  of hydrogen or v i n y l  c h l o r i d e  which a r e  known molecu la r  
weight  r e g u l a t o r s  i n  Z ieg le r -Na t t a  po lymer i za t ions .  S i n c e  v i n y l  c h l o r i d e  
was f a r  more a c t i v e  than  hydrogen ( runs  57-1 and 57-2), i t  was used i n  
most r u n s .  I t  was found t h a t  l a r g e  amounts of v i n y l  c h l o r i d e  s e r i o u s l y  
reduced t h e  po lymer i za t ion  rates and t h e  i s o t a x y  of t h e  r e s u l t i n g  poly-  
mers ( r u n s  57-2, 62-1, and 63-5). However, sma l l  amounts gave accep t -  
a b l e  conve r s ions  t o  i s o t a c t i c  P2VN which was l a r g e l y  s o l u b l e  i n  t o l u e n e  
( r u n  67-2) .  For r easons  t h a t  are not unders tood ,  l a r g e r - s c a l e  polymer- 
i z a t i o n s  were no t  e n t i r e l y  s u c c e s s f u l  ( r u n s  77, 8 2 ) .  Attempts t o  pro-  
duce a s o l u b l e  P4VB u s i n g  v i n y l  c h l o r i d e  were n o t  s u c c e s s f u l .  
When hea ted  a t  about  300', a t a c t i c  PS g r a d u a l l y  d e c r e a s e s  i n  molec- 
u l a r  weight  w i t h  o n l y  minimal v o l a t i l i z a t i o n  or c a r b o n i z a t i o n . 6  It was 
found t h a t  t h e  t o l u e n e  s o l u b i l i t y  of i n s o l u b l e  or o n l y  p a r t i a l l y  s o l u b l e  
i s o t a c t i c  PS and i s o t a c t i c  P2VN i s  s i g n i f i c a n t l y  i n c r e a s e d  a f t e r  4 hours  
a t  300' (Table  111) ,  even though the  P2VN had become q u i t e  d a r k  and t h e  
t o l u e n e - s o l u b l e  e x t r a c t s  gave I R  s p e c t r a  c h a r a c t e r i s t i c  of t h e  i s o t a c t i c  
polymers .  However P4VB remained i n s o l u b l e  i n  t o l u e n e  even a f t e r  15 hours  
a t  300'. 
- 
When hea ted  one hour  a t  350', P4VB underwent c o n s i d e r a b l e  
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Table  I11 
SOLUBILITY OF STEREOREGULAR POLYVINYLAROMATICS BEFORE AND AFTER 
HEATING I N  VACUO 4 HOURS AT 300° 
PS P4vB P2vN 
Before A f t e r  Before  A f t e r  Before  A f t e r  
Sample Number 32-2 74 -1 55-6 74-2 55-4 74-3 
% i n s o l u b l e  i n  
2-butanone 93 69* 96 100 97 92 
% i n s o l u b l e  i n  
t o l u e n e  41 8 . 5  94 100 11 
*2-Butanone e x t r a c t  was 94% i n s o l u b l e  i n  hexane. T h i s  hexane i n s o l -  
u b l e  e x t r a c t  appeared (IR spectrum) t o  be l a r g e l y  i s o t a c t i c  PS. 
v o l a t i l i z a t i o n ,  p a r t l y  t o  monomer, and p a r t l y  t o  a h i g h e r  b o i l i n g  l i q u i d .  
The f a c t  t h a t  t h e  polymer m e l t  flowed f a i r l y  r e a d i l y  d u r i n g  t h e  h e a t i n g  
a t  350° s u g g e s t s  t h a t  t h e  P4VB is  not c r o s s l i n k e d  and t h a t  i t s  molecu la r  
weight  has  been c o n s i d e r a b l y  reduced. A f t e r  c o o l i n g ,  however, t h e  re- 
covered  P4VB remained i n s o l u b l e  i n  t o l u e n e  and showed an I R  spectrum 
t y p i c a l  of i s o t a c t i c  P4VB. It can  thus  be concluded t h a t  i s o t a c t i c  P4VB 
i s  i n h e r e n t l y  i n s o l u b l e  i n  t o l u e n e ,  even though it  can be molded r e a d i l y  
a t  200'. 
I t  i s  p o s s i b l e  t h a t  t h e  to luene  s o l u b i l i t y  of v i n y l a r o m a t i c  po ly-  
m e r s  i s  i n f l u e n c e d  by t h e  k ind  of TiC1, used i n  t h e  po lymer i za t ion .  I n  
l a t e r  runs  i n  t h i s  p r o j e c t  (beginning w i t h  run  8 6 - l ) ,  a d i f f e r e n t  ba t ch  
of TiC1, was used, and t h e  po lymer i za t ions  gave PS and P2vN w i t h  g r e a t e r  
s o l u b i l i t y  i n  t o l u e n e .  (Cf. runs  32-3, 55-4, 94-1, and 95-7.) However, 
t h e  P4VB o b t a i n e d  w i t h  t h e  new TiC1, remained i n s o l u b l e .  
S i n c e  N a t t a  e t  a l .  have r epor t ed  a v i s c o s i t y  datum f o r  i s o t a c t i c  
P4VB i n  t e t r a l i n  a t  100' (Table  I ) ,  a t t e m p t s  were made t o  d i s s o l v e  sam- 
p l e s  of i s o t a c t i c  P4VB as ob ta ined  and a f t e r  p y r o l y s i s  a t  350' i n  
t e t r a l i n .  Both samples  were found t o  be comple te ly  s o l u b l e  a t  150°,  
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but bo th  samples came o u t  of s o l u t i o n  when cooled t o  140” .  
unders tood  w h y  t h e  i s o t a c t i c  P4VB produced by Na t t a  e t  a l . ,  was s o l u b l e  
i n  t e t r a l i n  a t  100’. 
I t  i s  not  
The polymer iza t ion  of 9 -v iny lca rbazo le  was c a r r i e d  o u t  a t  -78’C i n  
t o l u e n e ,  u s ing  E t A l C 1 ,  a s  C a t a l y s t ,  as  d e s c r i b e d  i n  a hIonteca t in i  p a t e n t . ”  
I t  was claimed t h a t  polymers produced under  t h e s e  c o n d i t i o n s  had a c r y -  
s t a l l i n i t y  of 35-505 (by x-ray)  and s o f t e n i n g  p o i n t s  between 300 and 
400’C. 
Polymers produced under  t h e s e  c o n d i t i o n s  i n  t h e  p r e s e n t  w o r k  had 
s o f t e n i n g  p o i n t s  around 2903C, but showed no i n c r e a s e d  c r y s t a l l i n i t y  
o v e r  polymers produced by h igh  tempera ture  f r e e  r a d i c a l  i n i t i a t i o n  o r  
polymers produced by c a t i o n i c  i n i t i a t i o n .  
No d i f f e r e n c e s  could be  d e t e c t e d  i n  i n f r a r e d  s p e c t r a  of t h e  E t A l C 1 8  
o r  f r e e  rad ica l -produced  polymers.  S ince  t h e  polymers were i n s o l u b l e ,  
no NMR s t u d i e s  could  be c a r r i e d  o u t .  Thus, i t  i s  not  known whether  
s t e r e o r e g u l a r  polymers w e r e  produced. 
B .  I R ,  NMR, and X-Ray C h a r a c t e r i z a t i o n  
The i n f r a r e d  s p e c t r a  of  t h e  i s o t a c t i c  P l W ,  P213, and P4L% were 
o b t a i n e d  a s  p re s sed  f i l m s  and compared w i t h  t h e  s p e c t r a  of t h e  a t a c t i c  
polymers prepared  i n  P a r t  I a .  (See F ig .  1-4; n o t e  t h a t  t h e  s p e c t r a  i n -  
c l u d e  both  t h e  NaCl and KBr r e g i o n s . )  The s p e c t r a l  d i f f e r e n c e s  between 
t h e  a t a c t i c  and i s o t a c t i c  polymers were sma l l  but  r e a l ,  and were u s u a l l y  
found i n  t h e  7-11 Q r eg ion  ( c f .  F ig .  3)  and i n  t h e  KBr reg ion .  
NMR s p e c t r a  of t h e  i s o t a c t i c  and a t ac t i c  polymers i n  deu te roch lo ro -  
form are shown i n  F i g s .  5 - 8 .  Since  i s o t a c t i c  P4VB i s  i n s o l u b l e  i n  d e u t e r o -  
ch loroform,  i t  was measured i n  naphthalene-de a t  13OSC. 
t h a t  t h e  s p e c t r a l  d i f f e r e n c e s  between t h e  a t a c t i c  and i s o t a c t i c  polymers 
a r e  q u i t e  pronounced. The f a c t  t h a t  t h e  a romat i c  H s i g n a l s  o f  t h e  i s o -  
t a c t i c  polymers a r e  more complex ( b e t t e r  r e so lved)  t h a n  t h e  co r re spond ing  
s i g n a l s  of t h e  a t a c t i c  polymers s u g g e s t s  t h a t  t h e  r o t a t i o n  of t h e  a romat i c  
r i n g s  i n  t h e  i so t ac t i c  polymers i s  r e s t r i c t e d .  A s  can  be seen  i n  F igs .  
5 - 8 ,  t h e  a l i p h a t i c  H s i g n a l s  of t h e  HCH and t h e  A r C H  
I t  w i l l  be noted  
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groups  of t h e  polymer c h a i n  a r e  r e l a t i v e l y  broad. The chemical  s h i f t s  
e x h i b i t e d  by t h e s e  hydrogens (Tab le  IV) show some i n t e r e s t i n g  t r e n d s  and 
anomal ies .  The t r e n d s  are e x h i b i t e d  by i s o t a c t i c  and a t a c t i c  PS, PZVN, 
and P4VB; f o r  each  polymer t h e  i s o t a c t i c  A r C H  s i g n a l  i s  s h i f t e d  s i g n i -  
f i c a n t l y  downf ie ld  from t h e  cor responding  a t a c t i c  s i g n a l .  The HCH s i g -  
n a l s  a r e  very  l i t t l e  a f f e c t e d  by t h e  i s o t a x y  of t h e  polymers. The s i g -  
n a l s  for t h e  A r C H  of PlVN ( i s o t a c t i c  and a t a c t i c )  a r e  s h i f t e d  f a r  
downf ie ld  from t h e  s i g n a l s  of t h e  o t h e r  t h r e e  polymers ,  wh i l e  t h e  i s o -  
t a c t i c  HCH s i g n a l  i s  s h i f t e d  f a r  u p f i e l d .  The s h i f t s  shown by PlVN 
probab ly  a r i s e  from i n t e r a c t i o n  of t h e  cha in  hydrogens w i t h  t h e  naph- 
t h a l e n e  r i n g s .  Downfield s h i f t s  may s i g n i f y . p r o x i m i t y  t o  t h e  naphtha-  
l e n e  r i n g  i n  t h e  p l a n e  of t h e  r i n g ,  whi le  u p f i e l d  s h i f t s  i n d i c a t e  prox- 
i m i t y  t o  t h e  IT c loud  of t h e  r i n g  system. 
I n  t h e  s t e r e o r e g u l a r  po lymer i za t ion  of v i n y l a r o m a t i c s ,  some MEK 
s o l u b l e  polymer u s u a l l y  i s  formed along w i t h  t h e  MEK i n s o l u b l e  ( i s o -  
t a c t i c )  polymer. The MEK s o l u b l e  f r a c t i o n  from a s t e r e o r e g u l a r  po ly-  
m e r i z a t i o n  of 2VN gave t h e  NMR spectrum shown i n  F ig .  7c. The poor ly  
r e s o l v e d  s i g n a l s  of t h i s  spectrum sugges t  t h a t  t h e  f r a c t i o n  h a s  an 
i n t e r m e d i a t e  s ter ic  o r d e r .  
Table  I V  
NMR SIGNALS OF CHAIN PROTONS I N  ISOTACTIC AND 
ATACTIC POLYVINYLAROMAT I C s  
ArCH HCH 
Polymer I s o t a c t i c  A t a c t i c  I s o t a c t i c  A t  a c t  i c  
PS 7 .96  8 .17  8 . 5 4  8 .59  
P1 VN 7 . 5 2  7.24 9 . 0 2  8 .57  
P2VN 7 .84  8 .16  8 . 5 4  8 .55  
P4vB - 8 .13  - 8 .49  
P4vB* 7 .68  7 .98  8 . 4 5  8 . 5 4  
Data are 7 v a l u e s  w i t h  t e t r a m e t h y l s i l a n e  a s  i n t e r n a l  s t a n d a r d .  
* I n  naphtha lene-de .  
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N a t t a  e t  a l .  found (Table  I )  t h a t  PlVN i s  c r y s t a l l i z a b l e ,  w h i l e  
P2VN and P4vB d i d  n o t  c r y s t a l l i z e .  Our f i n d i n g s  ag ree :  PlVN c r y s t a l -  
l i z e d  wi thou t  d i f f i c u l t y  (m.p. 330-335OC; see Tab le  V f o r  X-ray d a t a ) ,  
bu t  P2VN and P4vB were found t o  be amorphous by X-ray and o p t i c a l  b i r e -  
f r i n g e n c e  examinat ion .  
Tab le  V 
LATTICE SPACINGS FOR CRYSTALLINE P I W a  
d 
6.02 
4.760 
4.330 
3.747 
3.528 
3,. 130 
b I n t e n s i t y  
S 
S 
M 
S 
M 
M 
a Cu Ka r a d i a t i o n  (1 .541  A) ; specimen 
w a s  annea led  f i l m .  
S ,  s t r o n g ;  M ,  medium. 
b 
I V  EXPERIMENTAL 
A .  P r e p a r a t i o n  of I s o t a c t i c  Poly(v ing1aromat ics )  
Triethylaluminum, a "1 M" cyclohexane "suspens ion"  of TiC1, (AA) , 
and monomer were t r a n s f e r r e d ,  i n  an i n e r t  a tmosphere,  t o  an argon f l u s h e d  
pop b o t t l e  c o n t a i n i n g  d ry  benzene and a magnet ic  s t i r r i n g  b a r .  A f t e r  t h e  
b o t t l e  was capped w i t h  a Buna-N septum, v i n y l  c h l o r i d e  g a s ,  i f  used ,  was 
added w i t h  a s y r i n g e ,  and t h e  b o t t l e  w a s  a g i t a t e d  a t  about  60' i n  a w a t e r  
b a t h  on a s t i r r i n g  h o t  p l a t e .  The po lymer i za t ion  was con t inued  20 hours  
or l o n g e r .  A t  t h e  end of a 4VB po lymer i za t ion ,  t h e  r e a c t i o n  mix tu re  
was a very  f i n e  d i s p e r s i o n  of o n l y  s l i g h t l y  swo l l en  polymer p a r t i c l e s .  
34 
A 1VN po lymer i za t ion  gave a v i s c o u s  mass which g e l l e d  on c o o l i n g ,  and 
po lymer i za t ion  of 2VN gave a mixture  which w a s  a g e l  even a t  60'. 
po lymer i za t ion  mix tu re  was t r a n s f e r r e d  t o  a b l endor  and washed tw ice  
w i t h  i sop ropano l .  I€ t h e  polymer was no t  c o l o r l e s s  i t  was then  washed 
once or twice w i t h  2-butanone and f i n a l l y  d r i e d  o v e r n i g h t  i n  vacuo. 
Polymer of low s t e r e o r e g u l a r i t y  was removed by con t inuous  e x t r a c t i o n  
w i t h  2-butanone f o r  20-40 hours .  
The 
I n f r a r e d  s p e c t r a  w e r e  made from p res sed  f i l m s .  P2VN and P4VB were 
PlVN was p res sed  a t  315' and annea led  by a l lowing  p r e s s e d  a t  200-250'. 
i t  t o  0001 i n  t h e  p r e s s .  NMR s p e c t r a  were made a t  100 mc u s i n g  t e t r a -  
m e t h y l s i l a n e  as an i n t e r n a l  s t anda rd .  
B. P v r o l v s i s  of I s o t a c t i c  Polv(v inv1aromat ics )  
The polymer sample (1  t o  2 g) was p laced  i n  a t u b e  which was con- 
t i n u o u s l y  evacuated  w h i l e  t h e  sample was immersed i n  a Woods m e t a l  b a t h  
a t  290-310O. A f t e r  4 hour s ,  when t h e  h e a t i n g  w a s  s topped ,  P2VN w a s  
ve ry  d a r k ,  w h i l e  PS and P4VB remained l i g h t  c o l o r e d .  The recovered  
polymers w e r e  c h a r a c t e r i z e d  by e x t r a c t i o n  w i t h  2-butanone and t o l u e n e ,  
and by t h e i r  I R  s p e c t r a .  S ince  t h e  recovered  P4VB was s t i l l  i n s o l u b l e  
i n  r e f l u x i n g  t o l u e n e ,  i t  was hea ted  an a d d i t i o n a l  10 hours  a t  300' 
( s t i l l  t o l u e n e  i n s o l u b l e )  and f i n a l l y  f o r  one hour  a t  350'. 
f i n a l  h e a t i n g  some monomer c r y s t a l l i z e d  o n t o  t h e  coo l  upper  s u r f a c e  of 
t h e  p y r o l y s i s  t u b e ,  and a l i q u i d  s lowly r e f l u x e d  j u s t  above t h e  s u r f a c e  
of t h e  b a t h .  The polymers m e l t  w a s  observed  t o  f low when t h e  h o t  t u b e  
was t i l t e d .  The recovered  P4VB w a s  i n s o l u b l e  i n  t o l u e n e  (llOo), 
dichloromethane ,  o -d i ch lo robenzene , .  d i m e t h y l s u l f o x i d e ,  t e t r a h y d r o f u r a n ,  
and benzene ( a l l  a t  60'). The I R  spectrum of t h e  recovered  P4VB was 
unchanged. 
During t h e  
C. Polymer i za t ion  of 9-Vinylcarbazole  w i t h  E t A l C l ,  
A s o l u t i o n  c o n t a i n i n g  50 g (0.26 mole) of 9 -v iny lca rbazo le  i n  225 
m l  of t o l u e n e  was added dropwise over  a 2-hour p e r i o d  t o  a s o l u t i o n  of 
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1 2 . 7  m l  of a 20% s o l u t i o n  of E t A l C 1 ,  i n  150 m l  of t o l u e n e  a t  -78'C 
w h i l e  s t i r r i n g  r a p i d l y .  The polymers s e p a r a t e d  o u t  of s o l u t i o n  as 
formed and u s u a l l y  wrapped around t h e  s t irrer.  A f t e r  t h e  a d d i t i o n  
was completed,  s t i r r i n g  was cont inued f o r  15  minu tes ,  and then  approx i -  
ma te ly  10 m l  of methanol was added t o  decompose t h e  c a t a l y s t .  
The product  w a s  c o l l e c t e d  i n t o  methanol ,  blended tw ice  i n  a Warring 
B lendor ,  and then  d r i e d  i n  a vacuum oven a t  6OoC f o r  24 hour s .  Con- 
v e r s i o n  was q u a n t i t a t i v e .  
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FIG. 1 INFRARED SPECTRA OF (a) ISOTACTIC AND (b) ATACTIC POLY-1-VINYLNAPHTHALENE 
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FIG. 2 INFRARED SPECTRA OF (a) ISOTACTIC AND (b) ATACTIC POLY-2-VINYLNAPHTHALENE 
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FIG. 4 INFRARED SPECTRA OF (a) ISOTACTIC AND (b) ATACTIC POLY-4-VINYLBIPHENYL 
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FIG. 5 NMR SPECTRA OF (a) ISOTACTIC 
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FIG. 6 NMR SPECTRA OF (a) ISOTACTIC AND 
(b) ATACTIC POLY - 1  -VINY LNAPHTHALENE 
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Phase I1 
I INTRODUCTION 
Phase  I 1  of  t h e  p r e s e n t  c o n t r a c t  w a s  concerned w i t h  r e a c t i o n s  of 
v i n y l a r o m a t i c  polymers w i t h  a l k a l i  metal  atoms, t h e  d e g r a d a t i o n  of rad-  
i c a l  an ions  t h u s  formed, and t h e  u t i l i z a t i o n  of t h e s e  an ions  i n  b lock  
copo lymer i za t ion  r e a c t i o n s .  
Reac t ions  between a l k a l i  m e t a l  a t o m s  and a romat i c  n u c l e i  t a k e  p l a c e  
by an e l e c t r o n  t r a n s f e r  from t h e  a l k a l i  meta l  t o  t h e  a romat ic  nuc leus .  
For  example,  
The same r e a c t i o n  w i l l  t a k e  p l ace  when t h e  a romat i c  nuc leus  i s  
a t t a c h e d  t o  a polymer c h a i n  a s ,  f o r  example, i n  poly-2-vinylnaphthalene:  
0 
@ N a  
The polymer ic  r a d i c a l  an ions  formed undergo c l eavage  r e a c t i o n s ,  y i e l d -  
i n g  as p roduc t s  polymeric  l i v i n g  an ions .  The c l eavage  r e a c t i o n  i s  
thought  t o  invo lve  a d j a c e n t  v iny la romat i c  r a d i c a l  an ions .  Thus,  
0 0 
Na N a  
8 8 
These l i v i n g  an ions  can then  be u t i l i z e d  t o  p r e p a r e  b lock  copolymers .  
One novel  f e a t u r e  of t h i s  procedure  i s  t h a t  b lock  copolymers c o n t a i n i n g  
an i s o t a c t i c  segment can t h u s  be produced. 
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Poly-2-v inylnaphtha lene  d i a n i o n s  p repa red  both by sodium i n i t i a t i o n  
and by a -methyls tyrene  dimer i n i t i a t i o n  were used t o  i n i t i a t e  t h e  poly-  
m e r i z a t i o n  of i sop rene .  Even though a v igo rous  i s o p r e n e  po lymer i za t ion  
o c c u r r e d ,  no c o l o r  change took  p l a c e  and on ly  a smal l  p o r t i o n  of t h e  
v i n y l a r o m a t i c  d i an ion  copolymerized.  These o b s e r v a t i o n s  were i n t e r p r e t e d  
i n  t e r m s  of a slow i n i t i a t i o n  and a f a s t  p ropagat ion  r e a c t i o n .  Polymeric  
d i a n i o n s  prepared  by a sodium degrada t ion  o f  po lyv iny la romat i c s  were found 
t o  behave s i m i l a r l y .  
The r e a c t i o n  of poly2-v inylnaphtha lene  wi th  a -methyls tyrene  dimer 
d i a n i o n  o r  cumyl potassium i n  t e t r a h y d r o f u r a n  was found t o  invo lve  an 
e l e c t r o n  t r a n s f e r  from t h e  anion i n t o  t h e  naph tha lene  nuc leus .  The re- 
s u l t i n g  r a d i c a l  an ions  then  undergo degrada t ion  r e a c t i o n s .  
I11 RESULTS AND DISCUSSION 
I n i t i a l  work on t h i s  phase  c o n s i s t e d  of p r e p a r i n g  b i f u n c t i o n a l  l i v -  
i ng  a n i o n s  of  poly-2-vinylnaphthalene (P2VN) i n  t e t r a h y d r o f u r a n  by means 
of sodium i n i t i a t i o n  and then  us ing  t h e s e  b locks  t o  i n i t i a t e  t h e  poly-  
m e r i z a t i o n  of i s o p r e n e .  I t  w a s  c o n s i s t e n t l y  found t h a t  a l though i n  t e t r a -  
hydrofuran  t h e  P2VN anion i s  g r e e n  and t h e  i s o p r e n e  an ion  is ye l low,no  
c o l o r  change occurred  even when a l a r g e  excess  o f  i s o p r e n e  was used.  
Furthermore,  i n i t i a l  f r a c t i o n a t i o n  d a t a  i n d i c a t e d  t h a t  t h e  r e a c t i o n  
p roduc t s  were mix tu res  of 2VN and i sop rene  homopolymers. 
These r e s u l t s  were f i r s t  i n t e r p r e t e d  t o  mean t h a t ,  i n  a d d i t i o n  t o  
P2vN an ions ,  an a p p r e c i a b l e  c o n c e n t r a t i o n  of 2vN r a d i c a l  an ions  a r e  
formed and t h a t  i sop rene  polymer iza t ion  i s  i n i t i a t e d  by t h e s e  r a d i c a l  
an ions .  I n  o r d e r  t o  e x p l a i n  t h e  l ack  of copolymer iza t ion  i t  was neces-  
s a r y  t o  p o s t u l a t e  t h a t  t h e  b a s i c i t y  of  2VN i s  too weak t o  i n i t i a t e  i s o -  
p rene  po lymer i za t ion .  
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In  o r d e r  t o  v e r i f y  t h i s  hypo thes i s ,  P2VY d i a n i o n s  were formed by 
i n i t i a t i o n  w i t h  a -methyls tyrene  dimers.  S ince  no sodium was used ,  no 
21” r a d i c a l  an ions  could  form. When i s o p r e n e  was added t o  t h e  P21Y 
d i a n i o n s  formed t h e  po lymer i za t ion  again occurred  wi thou t  a c o l o r  change. 
Thus,  t h e  i n i t i a l  hypo thes i s  t h a t  P2VN an ions  w i l l  no t  polymerize i s o -  
prene was i n c o r r e c t .  However, work c a r r i e d  o u t  d u r i n g  t h e  l a s t  month o f  
t h i s  c o n t r a c t  has  shown t h a t  G-methylstyrene d imers  e a s i l y  t r a n s f e r  an 
e l e c t r o n  i n t o  t h e  naphtha lene  nuc leus ,  so t h a t  t h e s e  exper iments  a r e  
not  a s  r i g o r o u s  as i n i t i a l l y  thought .  
In  o r d e r  t o  guard a g a i n s t  t h e  p o s s i b i l i t y  t h a t  t h e  i s o p r e n e  poly-  
m e r i z a t i o n  was due t o  un reac ted  2-methyls tyrene dimer which remains i n  
s o l u t i o n ,  a u1’ c e l l  was a t t a c h e d  t o  t h e  r e a c t o r .  N o  a b s o r p t i o n  charac-  
t e r i s t i c  of  t h e  dimer (340 mb) was noted ,  and on ly  t h e  s t r o n g  410 mp 
a b s o r p t i o n  c h a r a c t e r i s t i c  of 2VN was observed .  
E f f o r t s  were next  concen t r a t ed  on evo lv ing  a method f o r  q u a n t i t a t i v e l y  
f r a c t i o n a t i n g  t h e  r e a c t i o n  p roduc t s .  Work wi th  g e l  permeat ion chromato- 
graphy d i d  not  y i e l d  c o n c l u s i v e  resul ts ,  s i n c e  t h i s  method depends p r i -  
m a r i l y  on molecular  weight  d i s t r i b u t i o n  and i s  not  very s e n s i t i v e  t o  
molecu la r  s p e c i e s .  I t  w a s  found tha t  Soxhle t  e x t r a c t i o n  wi th  n-heptane 
w i l l  q u a n t i t a t i v e l y  l e a v e  behind po lyv iny la romat i c s  and d i s s o l v e  o u t  
b lock  ccpclymers  and i s n p r e n e  homopol-ymers. Unfo r tuna te ly ,  however, 
low molecu la r  weight  po lyv iny la romat i c s  a r e  p a r t i a l l y  s o l u b l e  i n  n-heptane ,  
so t h a t  t h i s  e x t r a c t i o n  cannot  be  used i n d i s c r i m i n a t e l y ,  and a c o n t r o l  
must be  run on a t e rmina ted  polyvinylaromat ic  p o r t i o n  b e f o r e  i s o p r e n e  i s  
added. 
N o  g e n e r a l  method h a s  y e t  been found t h a t  w i l l  s e p a r a t e  b lock  co- 
polymer and i s o p r e n e  homopolymer. However, t h e  f a c t  t h a t  a f t e r  t r e a t -  
ment w i t h  i s o p r e n e  some P2VN becomes s o l u b l e  i n  n-heptane r e p r e s e n t s  
s t r o n g  ev idence  t h a t  b lock  copolymer iza t ion  d i d  indeed  t a k e  p l a c e .  
R e s u l t s  of  t h e s e  f r a c t i o n a t i o n  exper iments  a r e  shown i n  Table  I .  
Although t h e  d a t a  a r e  too  incomplete  t o  j u s t i f y  a r i g o r o u s  i n t e r p r e t a -  
t i o n ,  i t  would appea r  t h a t  t h e  copolymer iza t ion  behav io r  of 2VN and 
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Table I 
n-HEPTANE EXTRACTIOH DATA ON BLOCK 
EXPERIMENTS 
Vinyl - 
Aromatic Exp. No. 
8080-78-1 2 VN 
8080-78-2 2 \-N 
8080-86-1 4VB 
8080 -86 -2 4 \T3 
8080-98-1 2 1” 
8080-98-2 21” 
8080 -108 -1 2 L u  
8080-108-2 2 i u  
I n i t i a t o r  
Na 
Na 
Na 
Ha 
cy MeStDi 
Q MeStDi 
a MeStDi 
Q MeStDi 
n-Hept ane 
Sol u b l  e 
( %) 
0 . 2  
7 6 . 2  
64 .3  
92 .0  
68 .5  
9 1 . 2  
1 4 . 9  
100 
Vinylaro-  Mole Rat i o  
ma t i c  Co- I sop rene /  
polymerized V i n y l  a ro - 
(%I ma t i c  
25.5 5 
--- 
6 . 5  
--- 
100 
--- 
l o  
2VN, 2-Vinylnapht h a l e n e .  
4iB, 4-Vinylbiphenyl .  
i s o p r e n e  i n  t e t r a h y d r o f u r a n  can b e s t  be r a t i o n a l i z e d  by assuming a slow 
i n i t i a t i o n  and a f a s t  p ropaga t ion  r e a c t i o n .  Under t h e s e  c i r cums tances ,  
l i t t l e  of t h e  i n i t i a t o r  d i a n i o n  would be  consumed, and t h e r e  would be no 
c o l o r  change. S i m i l a r  k i n e t i c s  were r e p o r t e d  by Waack and Doran’ i n  t h e  
po lymer i za t ion  of s t y r e n e  w i t h  var ious  o rgano- l i t h ium compounds. I t  i s  
no t  c l e a r ,  however, why no s i g n i f i c a n t  c o l o r  change was noted  i n  expe r -  
iment 8080-108, which i n d i c a t e s  t h a t  v i r t u a l l y  a l l  of t h e  d i a n i o n  co- 
polymerized w i t h  i s o p r e n e .  I t  is obvious t h a t  more work i s  needed be- 
f o r e  any s i g n i f i c a n t  conc lus ions  can be drawn. 
Experiments  were performed i n  which P2VN i n  t e t r a h y d r o f u r a n  was 
p l aced  on sodium and al lowed t o  degrade ,  and i s o p r e n e  was t h e n  added 
t o  t h e  l i v i n g  an ion .  These experiments  were q u a l i t a t i v e l y  i d e n t i c a l  
w i t h  t h o s e  i n  which i s o p r e n e  was added t o  P2VN d i a n i o n s  formed by sodium 
or u-methyls tyrene dimer d i a n i o n  i n i t i a t i o n  i n  t h a t ,  a g a i n ,  no c o l o r  
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change was noted even when a l a r g e  expres s  of i s o p r e n e  was used.  No 
n-heptane e x t r a c t i o n s  were c a r r i e d  o u t ,  but  GPC measurements showed t h a t  
t h e  r e a c t i o n  p roduc t s  were c l e a r l y  he te rogeneous .  
During t h e  c o u r s e  of t h e s e  s t u d i e s  i t  was noted  t h a t  when 3-methyl- 
s t y r e n e  dimer d i a n i o n s  i n  t e t r a h y d r o f u r a n  are  added t o  a P2LT s o l u t i o n  
i n  t e t r a h y d r o f u r a n ,  t h e  W spectrum of a -methyls tyrene  dimer d i a n i o n s  
g r a d u a l l y  d i s a p p e a r s  and t h e  UV spectrum of 21” an ions  g r a d u a l l y  appea r s .  
The r e a c t i o n  i s  complete  i n  approximately 3 days .  
I n i t i a l  i n t e r p r e t a t i o n s  of  t h e s e  r e s u l t s ,  i n  analogy wi th  a s i m i l a r  
2 s i t u a t i o n  d e s c r i b e d  by B a h s t e t e r  et  a l .  w e r e  t h a t  t h e  3-methyls tyrene  
an ions  remove t h e  more a c i d i c  hydrogens from t h e  polymer backbone. Thus: 
cli. e cyr: 
I I 
-CHa-CH- + 8 C-CHe- * -CHa-C- + HF-CHs- 
Such a r e a c t i o n  would be o f  c o n s i d e r a b l e  i n t e r e s t ,  s i n c e  i t  would a l low 
racemiza t ion  of  i s o t a c t i c  polymers and c o n t r o l l e d  g r a f t i n g  r e a c t i o n s .  I t  
was found,  however, t h a t  t h e  i s o t a c t i c  P2VN formed by t h i s  procedure  
could  n o t  be  racemized.  S i m i l a r  resul ts  were ob ta ined  w i t h  cumyl p o t a s -  
sium i n  t e t r a h y d r o f u r a n .  S i n c e  a s i m i l a r  f a i l u r e  t o  racemize i s o t a c t i c  
p o l y s t y r e n e  was a lso noted  by Kern,“ t h e  m e t a l a t i o n  r e a c t i o n  was s t u d i e d  
f u r t h e r .  
I n  o r d e r  t o  v e r i f y  t h a t  an ions  a r e  a c t u a l l y  formed on t h e  polymer 
backbone, a number of runs  were t e rmina ted  w i t h  deuter ium o x i d e  and t h e  
i s o l a t e d  polymer w a s  examined by I R  and NMR. Only t r a c e  amounts of  
deuter ium w e r e  found.  
During t h e  work-up p rocedures  i n  t h e s e  exper iments ,  e x t e n s i v e  de-  
g r a d a t i o n  of t h e  polymers took p l ace .  T h i s  d e g r a d a t i o n ,  coupled w i t h  
t h e  f a c t  t h a t  no deuter ium could be found i n  t h e  polymer backbone, 
s t r o n g l y  s u g g e s t s  t h a t  P2VN r a d i c a l  a n i o n s  were formed. Thus, CY-methyl- 
s t y r e n e  d i a n i o n  or cumyl potass ium t r a n s f e r s  an e l e c t r o n  i n t o  t h e  
, 
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naph tha lene  n u c l e u s .  Suppor t ing  ev idence  h a s  now a l s o  been o b t a i n e d  
by ESR s p e c t r o s c o p y  . 
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I\’ EXPERIMENTAL 
I n i t i a l  r e a c t i o n s  w e r e  c a r r i e d  out  under  a p u r i f i e d  argon atmos- 
phe re .  I t  was found,  however, t h a t  these expe r imen ta l  c o n d i t i o n s  were 
n o t  r i g o r o u s  enough, and so t h e  bulk  of t h e  work was c a r r i e d  o u t  under  
h igh  vacuum u s i n g  a l l  g l a s s  systems with b r e a k s e a l s .  A l l  exper iments  
d e s c r i b e d  i n  t h i s  report a r e  t h e  h igh  vacuum exper iments .  
A .  Vacuum System and Reac to r s  
The vacuum s y s t e m  (shown i n  F ig .  1 )  c o n s i s t e d  of a manifold of 
30 mm OD t u b i n g  28 i n c h e s  long.  I t  could be r o u t i n e l y  evacuated  t o  
torr by means of a Duo-Seal mechanical fore-pump and a mercury 
d i f f u s i o n  pump. Bu lb  A (1000 ml) was used f o r  s t o r a g e  of  p u r i f i e d  
t e t r a h y d r o f u r a n  which w a s  kept  o v e r  sodium-potassium a l l o y  and l a t e r  
ove r  sodium naphtha lene .  
G l a s s  r e a c t o r s  used i n  polymer iza t ion  and d e g r a d a t i o n  exper iments  
are shown i n  F i g s .  2 and 3 .  
B. Procedure  
1. Sodium I n i t i a t e d  Polymer iza t ion  
The appa ra tus  shown i n  F ig .  2 was used .  P u r i f i e d  v iny la romat i c  
monomer w a s  p laced  i n t o  bu lb  A ,  and tube  C ,  equipped w i t h  a g l a s s  
b reak - sea l  c o n t a i n i n g  p u r i f i e d  i sop rene ,  was s e a l e d  o n t o  t h e  r e a c t o r .  
Tube D, c o n t a i n i n g  sodium pe l l e t s ,  was nex t  s e a l e d  o n t o  bu lb  B, and t h e  
whole assembly was p laced  on t h e  vacuum system and thoroughly  evacuated .  
The sodium m e t a l  i n  tube  D was then  g e n t l y  h e a t e d ,  and a sodium m i r r o r  
formed i n  b u l b  B. Tube D was nex t  s ea l ed  o f f .  A measured a m u n t  of  
t e t r a h y d r o f u r a n  w a s  d i s t i l l e d  i n t o  t h e  r e a c t o r  v i a  a g radua ted  c y l i n d e r  
and degassed ,  and t h e  whole r e a c t o r  was s e a l e d  o f f  a t  E .  A f t e r  t h e  
s o l v e n t  w a s  me l t ed ,  t h e  s o l u t i o n  was mixed and a s m a l l  amount was poured 
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from b u l b  A i n t o  bu lb  B and allowed to  r e a c t  w i t h  t h e  sodium m i r r o r .  
The i n t e n s e l y  co lo red  s o l u t i o n  was then poured back i n t o  bu lb  A .  One 
or two small  p o r t i o n s  were u s u a l l y  used t o  t i t r a t e  a l l  i m p u r i t i e s  b e f o r e  
t h e  monomer i n  bu lb  A w a s  polymerized. B u l b  A was t h e n  s e a l e d  o f f  a t  F. 
A f t e r  2-3 hours  r e a c t i o n  t i m e ,  a smal l  amount of l i v i n g  polymer s o l u t i o n  
was poured i n t o  bu lb  G ,  which was then s e a l e d  o f f  a t  H.  I soprene  was 
added t o  bu lb  A by b reak ing  t h e  break-sea l  w i th  an g l a s s -enc losed  i r o n  
s l u g ,  and t h e  polymer was i s o l a t e d  a f t e r  c a  13 hours  r e a c t i o n  t i m e  by 
pour ing  i n t o  methanol .  
2. &Methyls tyrene D i m e r  I n i t i a t e d  Polymer iza t ion  
The appa ra tus  shown i n  F ig .  3 was used .  P u r i f i e d  v iny la romat i c  
monomer w a s  p l aced  i n  b u l b  A ;  t u b e s  B and C ,  equipped wi th  b reak - sea l s  
and c o n t a i n i n g  i s o p r e n e  and 3-methyls tyrene d imer ,  r e s p e c t i v e l y ,  were 
s e a l e d  o n t o  t h e  r e a c t o r ,  which was then  p laced  on t h e  vacuum s y s t e m  and 
thoroughly  evacuated .  A measured amount of  t e t r a h y d r o f u r a n  was d i s t i l l e d  
i n t o  t h e  r e a c t o r  and degassed ,  and t h e  r e a c t o r  was s e a l e d  o f f  a t  D .  A f t e r  
m e l t i n g  t h e  s o l v e n t  and mixing t h e  monomer, t ube  C w a s  broken. An i n -  
s t a n t a n e o u s  c o l o r  change took p l a c e .  A f t e r  2-3 hour s  r e a c t i o n  t i m e  a 
smal l  amount of l i v i n g  polymer s o l u t i o n  w a s  poured i n t o  bu lb  E which 
was t h e n  s e a l e d  off a t  F. I sop rene  w a s  n e x t  added by breaking  t n b e  B, 
and t h e  polymer was i s o l a t e d  a f t e r  ca  1 2  hours  r e a c t i o n  t i m e  by pour ing  
i n t o  methanol .  
3 .  Degradat ion  ExDeriments 
~~~~~ ~ 
The a p p a r a t u s  shown i n  F ig .  2 was used. The procedure  was e s s e n -  
t i a l l y  i d e n t i c a l  t o  t h a t  used i n  t h e  sodium i n i t i a t e d  po lymer i za t ion  
exper iment ,  except  t h a t  polymer was p l aced  i n t o  b u l b  A and t h e  whole 
s o l u t i o n  w a s  poured i n t o  bu lb  B and al lowed t o  r e a c t  w i t h  t h e  sodium 
m i r r o r  o v e r n i g h t .  The c o l o r e d  s o l u t i o n  w a s  t h e n  poured back i n t o  bu lb  
A ,  s e a l e d  off a t  F, and allowed to  s t a n d  for 3-4 days  b e f o r e  i s o p r e n e  
was added. 
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4.  P u r i f i c a t i o n  of I sop rene  
I sop rene  ( P h i l l i p s  Pe t ro leum,  Research Grade) was p laced  o v e r  CaH, 
on t h e  vacuum s y s t e m ,  degassed ,  and allowed t o  s i t  f o r  24 hours .  I t  was 
then  d i s t i l l e d  i n t o  a bu lb  c o n t a i n i n g  a sodium m i r r o r ,  al lowed t o  r e a c t  
2-3 h o u r s ,  and then  d i s t r i b u t e d  i n t o  s i x  t u b e s  equipped w i t h  b r e a k s e a l s .  
These were s t o r e d  i n  a f r e e z e r  u n t i l  used.  
5 .  P r e p a r a t i o n  of  2-Methylsytrene D i m e r  
P u r i f i e d  a -methyls tyrene  was placed o v e r  CaHa on t h e  vacuum s y s t e m ,  
degassed ,  and allowed t o  s i t  f o r  3-4 days .  Te t r ahydro fu ran  and monomer 
were t h e n  d i s t i l l e d  i n t o  a b u l b  c o n t a i n i n g  an  excess  of sodium mirror 
and al lowed t o  react o v e r n i g h t ,  and t h e  red s o l u t i o n  was d i s t r i b u t e d  
i n t o  s i x  t u b e s  equipped wi th  b reaksea l s .  They were s t o r e d  i n  a f r e e z e r  
u n t i l  used.  
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